Background: Our aim was to determine the influence of breastfeeding and postnatal nutrition on cardiovascular remodeling induced by fetal growth restriction (FGR). Methods: A cohort study including 81 children with birthweight <10th centile (FGR) and 121 with adequate fetal growth for gestational age (AGA) was conducted. Cardiovascular endpoints were left ventricular sphericity index (LVSI), carotid intima-media thickness (cIMT), and blood pressure (BP) at 4-5 y of age. The combined effect of FGR and postnatal variablesincluding breastfeeding, fat dietary intake, and BMI-on cardiovascular endpoints was assessed by linear and robust regressions. results: FGR was the strongest predictor of cardiovascular remodeling in childhood, leading to lower LVSI and increased cIMT and BP as compared with AGA. Breastfeeding >6 mo (coefficient: 0.0982) and healthy-fat dietary intake (coefficient: −0.0128) showed an independent beneficial effect on LVSI and cIMT, respectively. Overweight/obesity induced an additional increment of 1 SD on cIMT in FGR children (interaction coefficient: 0.0307) when compared with its effect in AGA. BMI increased systolic BP (coefficient: 0.7830) while weight catchup increased diastolic BP (coefficient: 4.8929). conclusions: Postnatal nutrition ameliorates cardiovascular remodeling induced by FGR. Breastfeeding and healthy-fat dietary intake improved while increased BMI worsened cardiovascular endpoints, which opens opportunities for targeted postnatal interventions from early life. t here is consistent epidemiological evidence that low birth weight is inversely associated with cardiovascular mortality in adulthood (1,2). The most common cause of low birth weight is fetal growth restriction (FGR) due to placental insufficiency (3). FGR fetuses present cardiovascular remodeling already in utero that persist into childhood (4, 5) . This effect is thought to contribute to their subsequent long-term cardiovascular risk (6). One of the most prominent signs of cardiac remodeling associated with FGR in fetal life and childhood is a more spherical heart measured by lower values on left ventricular sphericity index (LVSI) (5). Likewise, children who suffered FGR have signs of vascular dysfunction, including increased blood pressure (BP) (7) and carotid intima-media thickness (cIMT) (5) which are well-known cardiovascular risk factors.
t
here is consistent epidemiological evidence that low birth weight is inversely associated with cardiovascular mortality in adulthood (1, 2) . The most common cause of low birth weight is fetal growth restriction (FGR) due to placental insufficiency (3) . FGR fetuses present cardiovascular remodeling already in utero that persist into childhood (4, 5) . This effect is thought to contribute to their subsequent long-term cardiovascular risk (6) . One of the most prominent signs of cardiac remodeling associated with FGR in fetal life and childhood is a more spherical heart measured by lower values on left ventricular sphericity index (LVSI) (5) . Likewise, children who suffered FGR have signs of vascular dysfunction, including increased blood pressure (BP) (7) and carotid intima-media thickness (cIMT) (5) which are well-known cardiovascular risk factors.
Nutrition and body weight have a strong effect on cardiovascular development during childhood (8) . Therefore, the effects of intrauterine environment on cardiovascular remodeling should be influenced by postnatal factors. Epidemiological studies suggest that obesity in childhood or accelerated postnatal growth could worsen the cardiovascular risk associated with impaired intrauterine growth. Moreover, high dietary intake of polyunsaturated fatty acids (PUFA) has been associated with lower cIMT values in children with FGR (9) . However, the deleterious or protective effects of nutrition and body weight on cardiovascular remodeling have not been evaluated longitudinally in a cohort of FGR fetuses followed until childhood. In addition, the impact of breastfeeding on cardiac remodeling, which in general is considered a protective cardiovascular factor (10), has not been assessed specifically in children with FGR.
The aim of this study was to determine the independent and combined influence of intrauterine growth and postnatal nutrition on cardiovascular remodeling in childhood. For this, a multivariate regression analysis was performed to assess the effect of prenatal and postnatal environment on LVSI, cIMT, and BP within a cohort of 202 children including 81 FGR cases and 121 children with adequate fetal growth for gestational age (AGA). FGR was the strongest predictor of LVSI (coefficient: −0.4038 (95% confidence interval (CI): −0.4610; −0.3467); P < 0.001).
Regarding postnatal nutrition, prolonged breastfeeding (>6 mo) showed an independent positive association to LVSI (coefficient: 0.0982 (95% CI 0.0133; 0.0183); P = 0.02). There was a nonsignificant association with breastfeeding 1-6 mo (coefficient: 0.0484 (95% CI: −0.0279; 0.1247); P = 0.21).
Neither healthy-fat dietary intake (P = 0.67) nor child BMI (P = 0.64) were statistically associated to LVSI. Regarding other factors, preeclampsia/gestational hypertension (coefficient: −0.0996 (95% CI: −0.1969; −0.0023); P = 0.04) and child height (coefficient: 0.0040 (95% CI: 0.0020; 0.0059); P < 0.001) also showed a significant association to LVSI. Other baseline or perinatal characteristics (detailed in the Methods section) did not show a statistically significant association with LVSI.
FGR (coefficient: 0.0202 (95% CI: 0.0112; 0.0296); P < 0.001) and healthy-fat dietary intake (coefficient: −0.0128 (95% CI: −0.02473; −0.0011); P = 0.03) were significantly associated to cIMT. However, breastfeeding (1-6 mo: P = 0.51 and >6 mo: P = 0.41) and child BMI (coefficient: 0.0021 (95% CI: −0.0003; 0.0046); P = 0.08) were not statistically associated to cIMT. Regarding other factors, paternal smoking (coefficient: 0.0093 (95% CI: 0.0002; 0.0184); P = 0.04), child age (coefficient: 0.0037 (95% CI: 0.0006; 0.0067); P = 0.02), and gestational age at delivery (coefficient: −0.0020 (95% CI: −0.0032; −0.0008); P = 0.001) also showed a significant association to cIMT. Finally, other baseline or perinatal characteristics (detailed in the Methods section) did not show a statistically significant association with cIMT.
Both systolic BP (SBP; coefficient: 4.5801 (95% CI: 1.6666; 7.4939); P = 0.002) and diastolic BP (DBP; coefficient: 5.1975 (95% CI: 2.3682; 8.0267); P < 0.001) were positively associated to FGR. Regarding postnatal nutrition, child BMI was also positively associated to SBP (coefficient: 0.7830 (95% CI: 0.0401; 1.5259); P = 0.04), but not to DBP (coefficient: 0.647 (95% CI: −0.3566; 1.0861); P = 0.30). Breastfeeding (1-6 mo: P = 0.56 for SBP and P = 0.36 for DBP; >6 mo: P = 0.54 for SBP and P = 0.69 for DBP) and healthy-fat dietary intake (P = 0.31 for SBP and P = 0.68 for DBP) were not statistically associated to BP. Regarding other characteristics, child's age was associated to SBP (coefficient: 1.7042 (0.7937; 2.6147); P < 0.001) and DBP (coefficient: 1.2341 (0.3499; 2.1182); P = 0.006), and weight catch-up to DBP (coefficient: 4.8929 (95% CI: 1.3440; 8.4419); P = 0.007) but not with SBP (P = 0.14). Finally, other baseline or perinatal characteristics (detailed in the Methods section) did not show a statistically significant association with BP.
Interaction Between FGR and Postnatal Nutrition on Cardiovascular Endpoints
To assess any additional effect by the simultaneous presence of postnatal nutrition and FGR on cardiovascular remodeling, interaction coefficients were fitted. The effect of breastfeeding (interaction P value = 0.44 for breastfeeding 1-6 mo, interaction P = 0.1 for >6 mo), healthy-fat dietary intake (interaction P = 0.30), and BMI (interaction P = 0.24) on LVSI was similar among AGA and FGR.
While the effect of breastfeeding (interaction P = 0.45 for breastfeeding 1-6 mo, and interaction P = 0.42 for >6 mo) and healthy-fat dietary intake (interaction P = 0.64) on cIMT was similar among AGA and FGR, a significant interaction between FGR and BMI could be observed. Being overweighted or obese produced a significant increment in 1 SD on cIMT (interaction coefficient: 0.0307 (95% CI: 0.0010; 0.0603); interaction P = 0.04) within FGR population, but not in AGAs.
No significant interaction could be observed for breastfeeding (interaction P = 0.82 and P = 0.72 for breastfeeding 1-6 mo, and interaction P = 0.74 and P = 0.62 for breastfeeding >6 mo, for SBP and DBP, respectively), healthy-fat dietary intake (P = 0.27 and P = 0.12, for SBP and DBP, respectively), and child BMI (P = 0.22 and P = 0.22, for SBP and DBP, respectively) and FGR on BP. Data are mean ± SD. P values are adjusted by gestational age at delivery, gender, and child age. AGA, adequate fetal growth for gestational age; FGR, fetal growth restriction.
The combined effect induced by breastfeeding, healthy-fat dietary intake, and overweight/obesity on LVSI and cIMT in FGR children were assessed by calculating mean predictive values for LVSI and cIMT based on the final multivariate regression model described above and also including the interaction term between being overweight/obesity and FGR in the cIMT model. (Figure 1) . Overweighted or obese FGR children had the worse LVSI and cIMT values, while those who breastfed >6 mo and had a healthy-fat dietary intake showed LVSI and cIMT values closer to AGA.
DISCUSSION
This study confirms the independent effect of intrauterine growth on cardiovascular programming. Besides FGR, we also confirm previous evidence on beneficial effect of high PUFA dietary intake on cIMT and further describe a protective effect of breastfeeding on cardiac remodeling of prenatal origin. Finally, a deleterious effect of overweight/obesity on cIMT and BP could be also demonstrated. Our results reveal FGR as the strongest predictor of cardiac sphericity in childhood. These data are in line with the reported cardiac shape changes in fetuses and children with FGR (4, 5, 11) . In addition, breastfeeding was independently associated to more elongated (less remodeled) hearts, suggesting a potential beneficial effect of breastfeeding on cardiac structure in childhood. Interestingly, this protective effect could only be demonstrated by prolonged breastfeeding (>6 mo), most probably due to the long time lapse needed for reverting cardiac remodeling. Our results are in agreement with the generation R study showing a significant impact of breastfeeding on postnatal cardiac mass at 6 y of age childhood (12) . The data are also consistent with animal studies suggesting that normal lactation may restore cardiomyocyte number after placental insufficiency (13) . There is also literature indicating a protective effect of breastfeeding on cardiovascular risk factors such as hypertension, obesity, diabetes, and dyslipidemia (14) . The potential underlying mechanisms linking breastfeeding with cardiac remodeling remains to be elucidated, but it may be related to growth factors, hormones, and favorable lipid profile of breast milk (15) . It could also be mediated by the described slower pattern of growth (16) , lower risk of overweight (17), and better endothelial function (18) in breast-fed as compared with formula-fed infants.
In contrast, we could not demonstrate any significant effect of healthy-fat dietary intake or child BMI on LVSI. No previous studies have evaluated the impact of PUFA intake or obesity on cardiac sphericity in FGR children. However, limited data from children with dilated cardiomyopathy (19) and animal models (20) suggest a potential protective effect of PUFA supplementation on ventricular remodeling. Regarding BMI, a variety of alterations in cardiac geometry that have been observed in obese children, being concentric and eccentric hypertrophy, the most commonly reported (21) . Although our data suggest that the prenatal growth is a stronger predictor than obesity and diet for cardiac sphericity in early childhood, future studies in FGR are warranted to further assess the effect of BMI and PUFA intake on cardiac structure later in life. Regarding other perinatal factors, preeclampsia and gestational hypertension were also associated to cardiac sphericity in childhood. This is consistent with previous reports on cardiac remodeling in children born from preeclamptic mothers (22) and might be explained by the close interrelation among FGR, preeclampsia, and placental disease. Interestingly, other factors such as socioeconomic status, familiar history of cardiovascular disease, and catch-up growth could not demonstrate an independent effect on cardiac sphericity, emphasizing the expected direct impact of intrauterine environment on cardiac structure.
Regarding vascular remodeling, our results confirm previous data linking FGR (23, 24) with increased cIMT. In addition, our study also confirms the previously reported protective effect of high PUFA dietary intake on cIMT in childhood (25) and further demonstrates that this effect is independent Articles Rodriguez-Lopez et al.
from birthweight. In a recent clinical trial, supplemented ω-3 PUFA from 6 mo to 5 y of age prevented the inverse association between intrauterine growth and cIMT (26) . Although it is unclear whether the vascular thickening is secondary to lipid deposition or adaptative to decrease wall stress, the beneficial effect of healthy fat on vasculature point to the antiinflammatory and anti-atherogenic properties of ω-3 PUFA (27) . Interestingly, the present study shows an additional effect of overweight/obesity on cIMT in FGR children. While this synergistic effect has been reported in adults (28), our results further indicate that it may occur already in childhood. As a reduction on lean tissue has been reported in FGR children (29) , disproportionate high fat could produce an additional increment on vascular damage postnatally. In addition, we could not demonstrate any protective effect of breastfeeding on cIMT even after incorporating BMI in the model. Similar results were observed in the Young Finns cohort, where breastfeeding improved endothelial function but not cIMT (18) . It is also consistent with the WHISTLER cohort study that could not demonstrate any benefit of breastfeeding on cIMT at 5 y of age (30) . Regarding other perinatal factors, we are also confirming previous data suggesting an association of prematurity (31) and paternal smoking (32) to cIMT. Finally, BP was associated to intrauterine (FGR) and postnatal (child BMI and weight catch-up) growth and child's age with no significant association with breastfeeding or postnatal dietary intake. These results are consistent with previous reports demonstrating a relevant association between BP and FGR (33) and obesity in childhood (34) . Interestingly, although a previous study showed the effect of growth catch-up on SBP (35), our results demonstrate its impact on DBP. Regarding breastfeeding, our study is also in accordance with the clusterrandomized PROBIT trial and the generation R cohort study, where no effect of breastfeeding on BP was found at 6 y of age (36) . Finally, the potential interaction of postnatal diet and BP is controversial. Data from the generation R study suggest that macronutrient intake is not consistently associated to BP in childhood. On the contrary, the NHANES survey showed a protective effect of high dietary intakes of eicosapentaenoic acid and docosahexaenoic acid on SBP only among those children with low birth weight (37) . This discordance may be explained by differences in the study populations and the type of nutritional questionnaires used in the studies. In this sense, we acknowledge that the design and limited sample size of our study may have prevented to demonstrate a potential association between BP and postnatal nutrition.
This study has several strengths and limitations. The study cohort was prospectively recruited including perinatal data as well as a comprehensive postnatal cardiovascular assessment (including echocardiography, vascular ultrasound, and BP measurement) and a dietary questionnaire. On the contrary, we acknowledge that other potentially predictive factors such as quantity and duration of smoking, exclusivity of breastfeeding, mother's diet, child's micronutrients quality, early adiposity rebound, or physical activity could not be assessed. The use of a 3-d food record do not necessarily denote the variation in child intake across the year and it is not possible to infer a causal role of diet intake on cardiac remodeling as both were evaluated simultaneously. As foods habits can vary across populations, our results may not be directly extrapolated to other settings. Additionally, variability of BP measurements at one time point in children could limit the interpretation of BP results and warrants future follow-up studies. Besides, the limited sample size and the study design (with a high proportion of FGR cases included) may have prevented to demonstrate other interactions. Finally, our results cannot be directly extrapolated into adulthood. Therefore, future long-term studies are warranted to assess the impact of these findings in older ages.
In conclusion, we are confirming the strong effect of intrauterine environment on fetal programming and further demonstrate that postnatal nutrition could ameliorate subclinical cardiovascular remodeling. If confirmed by other studies, these data highlight the importance of public health strategies for promoting prolonged breastfeeding and healthy-fat dietary intake together with avoiding overweight and growth catchup for cardiovascular prevention. This is particularly important for those high-risk infants from pregnancies complicated by FGR, preeclampsia, or preterm delivery. Due to the high prevalence of these perinatal complications affecting >10% of deliveries, such policies could have a high impact in public health. Further studies are warranted to define the optimal strategies to apply and select the populations that might better benefit from these interventions.
METHODS

Study Design and Participants
A prospective cohort study was conducted in 202 children selected from a delivery registry of a tertiary university hospital in Barcelona, Spain, between 2002 and 2007, and followed up into childhood. Exposed children were randomly selected among those with birth weight <10th centile. Unexposed children were randomly selected from those children with adequate birth weight for gestational age (AGA) defined as birth weight ≥10th centile (38) . A total of 81 FGR children were frequency matched by sex, gestational age at delivery (±2 wk) to 121 AGA children. Eighty percent of the children were already included in a previously published study (5) . Congenital malformations, chromosomal defects, fetal infections, and monochorionic pregnancies were exclusion criteria. All newborns were managed by the same team and under the same protocol schemes in the ward and/or intensive care unit as appropriate. A written consent form was obtained from parents and the present study was approved by the ethical committees of Universidad del Valle (Colombia) and Hospital Clinic in Barcelona (Spain). Prenatal, perinatal, and postnatal information were obtained from clinical records, parental interview, and physical exams.
Cardiovascular Endpoints
The selected cardiovascular endpoints were LVSI, cIMT, and SBP and DBP. Cardiovascular measurements were done once during follow-up in childhood. Echocardiography and vascular ultrasound were performed according to a standardized protocol with a Siemens Sonoline Antares ultrasound system (Siemens Medical Systems, Malvern, PA) with 10-MHz phased-array and 13-MHz linear transducers. LVSI was calculated as base-to-apex length/basal diameter from an apical 4-chamber view at end-diastole. cIMT was measured at 1 cm proximal to the bifurcation in the right and left carotid offline based on a trace method with a computerized program (Siemens Syngo Arterial Health Package, Malvern, PA). BP was measured manually over the right brachial artery after 5-10 min
Predictive Variables
The main variables of this study were intrauterine growth, breastfeeding, postnatal PUFA dietary intake, and child BMI. Intrauterine growth was considered as a dichotomic variable into AGA (birth weight ≥ 10th centile) vs. FGR (birth weight < 10th centile). Breastfeeding information was obtained by parental interview and classified according to its duration into: <1 mo, 1-6 mo, and >6 mo. Postnatal diet information was obtained from questionnaires filled at home by parents reporting the child's weighted food and beverages diaries consumed for 3 d, previously used in Mediterranean Spanish population (39) . The results were analyzed by the Diet source Junior 1.1.23 software (Nestle Health Care Nutrition S.A., Esplugues de Llobregat, Spain). Percentages of proteins, carbohydrates, and fats were calculated from total diet calorie consumptions; while saturated fatty acids, monounsaturated fatty acids, and PUFA percentages were calculated from total fat diet (the sum of three). Due to the significant inverse correlation between PUFA and saturated fatty acids (r = −0.72), their differential effect on cardiovascular risk, and the low consumption of PUFA in the study population, PUFA/saturated fatty acid ratio was generated and categorized as <90 (defined as unhealthyfat dietary intake) and ≥90 percentile (defined as healthy-fat dietary intake). Anthropometric measurements in children were obtained by a trained nurse. Weight catch-up was defined when changes in the Z score of the child weight compared with the Z score at birth were higher than 0.67. Z score was calculated using the default UK curves available in Stata.
Baseline, perinatal, and child anthropometric characteristics were also included in the analysis in order to assess their potential association with cardiovascular endpoints. Parental socioeconomic status, age, ethnicity, current BMI, smoking habits, and familiar history of cardiovascular disease were assessed by questionnaire. Low socioeconomic status was defined as routine occupation, long-term unemployment, or never worked, for both the pregnant woman and her partner. Early cardiovascular familiar history was defined by the presence of congenital heart disease, coronary artery disease, high BP, diabetes mellitus, or hypercholesterolemia in expanded first-degree pedigree (male < 55 y old and female < 65 y old). Perinatal data such as presence of gestational diabetes, preeclampsia, gestational hypertension, multiple pregnancy, premature rupture of membranes, spontaneous preterm delivery, prenatal or postnatal steroids, mode and gestational age at delivery, 5-min Apgar score, and days in neonatal intensive care unit were obtained from clinical record. Child age, height, weight, and weight catch-up were obtained at the time of the cardiovascular evaluation.
Statistical Analysis
Stata IC version 12.0 (StataCorp. LP, College Station, TX) was used for statistical analysis. Study groups were described and compared using mean (SD), median (interquartile range), or relative frequencies in tables with corresponding t-test or nonparametric and χ 2 tests where appropriated. LVSI was arbitrarily chosen as a cardiac remodeling endpoint due to its strong association to FGR (4, 5) and its correlation to other echocardiographic parameters (Supplementary Data online) .
Linear regression models were fitted including, in all cases, matching variables sex and gestational age at delivery (40) . Main analysis was performed considering the classification of intrauterine growth (AGA vs. FGR) but the effect of birth weight percentile as a continuous variable was also explored (Supplementary Data online). Linear regression was applied in the case of LVSI and cIMT, while, due to the lack of assumption for linear regression, robust regression was applied for BP. Multivariate regression analyses were used to adjust for potential confounding and also to explore for interaction. A baseline model without interaction was fitted with those variables that in the univariate analysis yielded a P ≤0.20 (results on univariate analysis included in the Supplementary Data online). A variable remain in the model when: partial F had a P ≤0.10, confounding effect was observed, or by its clinical relevance on the outcome. Results from linear regression analyses are presented as regression coefficient with 95% CI and their corresponding P values.
In addition, one interaction term was added to the baseline model for each analysis to assess the modifying effects of breastfeeding duration, healthy-fat dietary intake, and being overweight-obese (defined as child BMI ≥ 85th centile) or normal, in the association of intrauterine growth and cardiovascular endpoints. The statistical significance of interaction was assessed with the Wald test and a P value <0.05 was considered as statistically significant. Interaction coefficient quantifies the presence of a synergistic or antagonistic effect between postnatal nutrition and being FGR. Finally, based on multivariate analysis, marginal mean predictive values were generated for breastfeeding, overweight-obesity, and healthy-fat dietary intake in FGR children and presented in graphs.
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